One-dimensional (1D) metal oxides, typically nanowires and nanorods, have unique electronic and optical properties due to quantum phenomena that find applications in modern energy and electronic devices. We present here the electrospinning method that produces the aligned TiO 2 nanofibres directly on the fluorine-doped tin oxide (FTO) substrates mounted rotating disc collector. The aligned TiO 2 ceramic nanofibres mat of 6 µm thickness is achieved in 4 h using a nonconductive enclosed-air-shield with air-hood design over the FTO mounted rotating disc collector. The aligned TiO 2 nanofibers are found to retain its integrity and binding on FTO surface even after sintering at 500
Introduction
Metal oxide semiconductors exhibit unique electronic and optical properties in its one-dimensional (1D) morphology as the self-organization of charges occurs in 1D form via interaction energy minimization. A highly ordered 1D nanostructure is preferred to enhance the performance of electronic and photonic devices. It has been reported that the ordered 1D nanostructure enabled for larger current generation by improving the charge separation and electron transport in polymers and oxides [1] [2] [3] [4] . For example, the ordered nanostructure has improved the gas sensing property of ZnO compared to that of random structure [5] . Likewise, the orderly aligned SnO 2 nanoboxes have improved the electron transport [6] . Numerous methods such as electric field directed assembly, flow-assisted alignment, selective chemical patterning, laser, photolithography [7] , self-assembly [8] [9] [10] , and Langmuir-Blodgett (LB) technique [11] have been explored to align the metal oxides and polymers.
Electrospinning is another competent technique that has also been employed to produce 1D polymers and metal oxides [12] [13] [14] [15] [16] . The simple electrospinning often produces intertangled nanofibres after deposition which could cause the insufficient exposure of the faces and edges of fibres. Furthermore, a film made by simple electrospinning contains random arrangement of fibres, with different length, which might impose poor reproducibility when prepared as electroactive layer. Alignment of materials as nanofibres creates greater compactness, and the aligned architecture could accommodate more quantity of material per unit area that support for the miniaturisation of the electronic devices. The aligned nanofibres were successfully produced by researchers in electrospinning using the rotating disc as collector and at higher speed. However, available electrospinning methods are limited by their capability to produce aligned metal oxide nanofibers of higher thickness. For instance, the nano TiO 2 film should possess the thickness of 0.5-2.0 µm and 8-30 µm for solid state and liquid state dye sensitized solar cells (DSSC), respectively, because such thick film supports for significant electron diffusion [17] [18] [19] [20] . In literatures, the maximum thickness of the aligned nanofibres obtained using electrospinning so far was only about 250 nm [21] . Hence, there is a great demand for the production of aligned metal oxide nanofibres with the higher thickness, in shorter time, and with good reproducibility. Aligning the nanofibers directly on the conductive fluorine-doped tin oxide (FTO) substrate for various applications such as optoelectronic and photovoltaics are preferred as such technique shortens two conventional steps in electrospinning: preparation of well-ordered fibres and the deposition of these fibres on FTO using doctor blade/or dip casting. However, currently available techniques impose major challenge due to complexity in the steps that convert the composite fibers into ceramic fibers. Sintering at 400-550
• C, an important process that converts TiO 2 /polymer nanofibres into ceramic structure by bridging between the grains, is believed to enhance electron/charge carrier mobility in the film. The stress is developed on the nanofibers during sintering, and when exceeding the internal resistance of the nanofibers, the peeling-off FTO occurs. Therefore, in addition to the better alignment, the bondage of ceramic nanofibers onto the conductive substrate is critical for device applications.
In this work, the TiO 2 nanofibres have been produced and aligned directly on FTO using the modified electrospinning setup. A nonconductive air-shield has been introduced in electrospinning setup that facilitated for the production of micron thick ceramic TiO 2 nanofibres film. The method developed in this study can be extended to control the alignment and thickness in large scale for metal-oxide-based solar cells and sensors.
Experimental
The precursor for TiO 2 was prepared by dissolving 0.2 g of polyvinylpyrrolidone (PVP, MW of 1.6 × 10 6 g/mol) and 0.5 g of titanium tetra-isopropoxide (Aldrich) in 3.5 mL of ethanol (AR grade). 1 mL of acetic acid was added into the solution. The solution was then loaded into a plastic syringe equipped with a 27 1/2 gauge needle (Becton Dickson). The diameter of the rotating disc was 20 cm. To obtain more samples, six FTOs (1 mm-thick, Asahi Glass) with a sheet resistance of 15 Ω were mounted over the six plastic holders affixed using scotch tape on the edge of the disc at equal space ( Figure 1) . A small 1 × 1 cm 2 of aluminium foil was attached such that it wrapped both the back of the holders and the top side of FTO. The conductive wire was hooked to the foil using double-side tape, which made FTO grounded. This allowed the nanofibres to be collected directly onto the FTOs. The syringe pump flow rate of 0.2 mL/h was set up. A distance of 10 cm between the needle tip and the edge of rotating disc was set up, and the potential of 15 kV was applied between them. The speed of the rotating disc was held constant at 750 rpm for all the experiments. All the electrospinning experiments were performed at room temperature. A nonconductive block of size 24 cm × 24 cm was designed and introduced as top-air-shield over the rotating disc collector (Figure 1(b) ) and compared the effect of alignment and thickness of film obtained using the setup without any shield. For another study, an enclosed-air-shield (24 cm × 24 cm) with the slit dimension of 22 cm × 3.5 cm was fabricated and positioned as shown in Figure 1 (c). For the third set of experiment, an air-hood of size (14 cm × 3.5 cm) was affixed just behind the slit of the enclosed shield (Figures 1(d) and 1(e)).
Results and Discussion
Better the alignment of fibers is, the larger will be the quantity of materials per unit area as illustrated in Figure 2 , which are beneficial for device applications. For example, dye adsorption on the nanosized TiO 2 is the critical factor in improving the performance because anchored dye molecules absorb more photons thus results in larger photocurrent. The aligned nanofibres architecture could improve the photon conversion efficiency and charge separation. Figure 3 (a) shows the SEM images of TiO 2 nanofibres obtained when rotating the disc at 750 rpm, but without air-shield. The average diameter of the green nanofibres (TiO 2 /PVP) was found to be 180 ± 20 nm. The collected nanofibres on each FTO substrate were first hot pressed at 120
• C and for 15 min as a pretreatment to sintering. Then the samples were introduced for sintering in the tubular furnace at 500
• C for 3 h with the ramp rate of 1 • C /min and cooled down to 30
• C with the rate of 1 • C/min. The sintered TiO 2 nanofibres were observed to possess the diameter of 98 ± 20 nm. All the film thicknesses reported in this work are the measurement of the ceramic TiO 2 nanofibers after sintering (Table 1) .
During electrospinning without air shield, it was observed that the majority of the TiO 2 /PVP nanofibres were flown away from the deposition area (FTO). This was due to the velocity of the rotating disk. Rotation at 750 rpm guided for better alignment of nanofibres; however, the disk at such speed generates the turbulent wind inward direction that carries the nanofibres away from the deposition area as the fibres were nano in size, which results in more wastage of TiO 2 , and also affects its alignment. This yielded the poor thickness of the collected aligned nanofibres for 4 h, which was about 500 nm. The nanofibres shown in Figure 3 (b) were collected at 750 rpm with top-air shield. With top-air-shield arrangement, the rate of nanofibres deposition was improved to The TiO 2 ceramic nanofibres of diameter 98 ± 20 nm were collected using the rotating disc at 750 rpm; (a) without air shield, (b) using top-air shield, (c) using enclosed-air-shield, (d) using enclosed-air-shield with air-hood.
1.5 µm in 4 h compared to the electrospinning without any shield. The alignment was substantially improved by the insertion of the top-air shield, and the nanofibres were nearly bead-free. The top-air-shield reduced the wind generated by the rotating disc, in turn enabled to align the nanofibres over the FTOs. The nanofibres alignment was found to be decreased gradually after hours of electrospinning. The poorer alignment was observed mainly due to the turbulence wind from the disc that disturbs the nanofibres deposition onto the target. disturbance. This configuration yielded two benefits: 4 µm thick nanofibres were produced in 4 h, and better alignment. A higher degree of fibres alignment was achieved by air-hood as shown in the SEM micrographs (Figure 3(d) ). SEM Figure 3(d) shows that more than 80% were aligned to within [15] [16] [17] [18] [19] [20] • of the average orientation. This could be attributed to the charges that each nanofibre acquires during the electrospinning. The distribution of the fibres across the gap became more stable. The enclosed air shield with air-hood produced the aligned TiO 2 nanofibres of 4 µm thickness in 4 h. Earlier our group reported that time period of 8 h was required to obtain 4 µm thick ZnO random nanofibres on FTO by simple electrospinning [22] . The shield not only reduced the collection time for obtaining same film thickness, but also allowed for well alignment of TiO 2 fibres on FTO substrates. The 4 µm thick sintered TiO 2 nanofibres under microscope showed that there was no peeling-off problem upon sintering even after the thickness was increased higher, but few cracks along the fiber alignment direction (Figures 4(a) and 4(b) ). It was also realized that the alignment of TiO 2 nanofibres at 750 rpm onto FTO itself increased the firmness to the fibres and adhesiveness to FTO. This was confirmed upon comparing the same thick but random TiO 2 nanofibres prepared on FTO without disc rotation. The fibers were found to be flaked off the FTO substrate upon annealing at 500
• C. Investigation under SEM revealed that the alignment of the TiO 2 nanofibres was retained even at higher thickness after sintering at 500
• C, indicating that the relaxation of residual stresses could be evenly distributed upon aligning the fibers.
Poor thickness of nanofiberous film is also connected to the lower flow rate of the precursor solution in electrospinning. Flow rate can be scaled up by increasing the needle diameter; however, it leads to large diameter fibres. Researchers have explored the possibility of both using multiple needles [23] and creating multiple holes in the single needle [24] in electrospinning. In this work, doubleneedle setup was fabricated for the collection of aligned TiO 2 nanofibres ( Figure 5 ). In double-needle electrospinning, the distance between two needles is critical in producing the uniform nanofibres. In our study, the distance between the needles was optimized to 1 cm such that the repelling force between jets from two needles could be minimal. The same electrospinning condition was adopted for double-needle setup. The study using double needle with enclosed air-shield and air-hood yielded 6 µm thick and aligned TiO 2 nanofibres in 4 h. TiO 2 nanofibres obtained using double-needle-based electrospinning were quite uniform in diameter (Figure 6 ), but was found to be smaller than that of fibres produced using a single-needle-based electrospinning. The diameter of the sintered fibres from the double needle was about 70 ± 12 nm, whereas the sintered fibres obtained using the single needle possessed 98 ± 20 nm. The difference in diameter could be due to following effects: the repulsive force from the two charged jet might involve in pulling of the nanofibres and secondly, stronger electric field leads to greater stretching of the jet and resulting in thin fibres.
Theoretical studies were carried out to correlate the difference in fibres diameter obtained from experiments. SIMION 8, an ion modeling package, was adopted to interpret the electrospinning jet based on the electric field distribution by estimating equipotential lines distribution around the electrodes as well as collector. For the same 15 kV potential and distance of 10 cm between the needle and disc collector, the simulation profiles on electrical distribution of the jet stream from both single-needle and doubleneedle system were obtained. Figure 7 shows the electric field distribution along the jet path for both single-needle and double-needle systems.
For the identical voltage, the electric field lines at the tip of the needle in double-needle arrangement was estimated to be lower compared to single-needle setup, indicating that the repulsive field plays a critical role in the double-needle system. At the area just below the needle tip, the electric field intensity for the double-needle setup was higher than that of single-needle setup. In the mid distance between the needle and collector, the electric field intensity was measured as 98.5 V/mm for double needle, and 83 V/mm for a single needle. The intensity of the electric field (V/m) at the various position of the flow stream was measured to be stronger in double-needle system, suggesting that overstretching of the nanofibers were possible in double needle before deposition. Thus, the simulation study conveyed that the repulsive force of the charged fibers and the stronger electric field distribution along the flow of stream should play an influential role in reducing the fibers diameter.
Conclusions
Highly aligned ceramic TiO 2 nanofibres of diameter 98 nm on FTOs were directly prepared using rotating disc-based electrospinning. With the ease of design, control over deposition, and the potential for continuous electrospinning, this study demonstrated the substantial improvement in the alignment (over 80%) of nanofiber by introducing an enclosed-air-shield and air-hood. Aligned nanofiberous film with the thickness adjustable from 100 nm upto 6 µm was demonstrated. We believe that the ability to prepare aligned and controlled thickness of nanofibres directly on the conductive substrates opens up potential opportunities in the domain of energy and electronics. There are still challenges that must be addressed in our approach: to reach above 80% alignment, thickness above 10 µm in shorter time (<4 h), and better understanding of the physics underlying alignment.
